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� A high-throughput method has been
developed for the investigation of the
phase formation of multilayer thin
film.

� Cu-Cr-Co combinatorial multilayer
thin-film covering complete ternary
composition range was fabricated.

� Using the combinatorial method we
have explored the effect of
temperature, time and modulation
period on phase evolution.

� The effect of reducing the modulation
period is equivalent to that of
increasing the temperature on the
phase evolution.
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a b s t r a c t

Cu–Cr–Co combinatorial multilayer thin-films were prepared by a high-throughput ion beam sputtering
system. Based on the thickness ratio among the individual nanoscale monolayers (Cu, Cr, Co), the result-
ing stoichiometry covered the entire phase diagram. The chemical composition and structure of Cu–Cr–
Co combinatorial chip upon solid-state reaction were studied by lab-based micro-X-ray fluorescence (l-
XRF) and high-throughput synchrotron X-ray diffraction (XRD), respectively. A composition-structure
map for Cu–Cr–Co combinatorial chip was developed through automated data analysis employing hier-
archical clustering techniques. The structural evolution of Cu–Cr–Co combinatorial chip as a function of
heat-treatment temperature, time, and modulation period were studied systematically. Furthermore, the
effect of the elemental distribution in-depth direction was investigated to gain more insights regarding
phase transformation. This work provides an efficient method and new perspectives for the design and
optimization of the composition and structure of high-performance thin-films.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thin-film stacks with modulated layers exhibit unique physical
effects [1,2], and properties [3–5], which are profoundly influenced

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.110455&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2022.110455
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hongwang2@sjtu.edu.cn
https://doi.org/10.1016/j.matdes.2022.110455
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


J. Hui, Q. Hu, H. Zhang et al. Materials & Design 215 (2022) 110455
by the microstructure and interfaces [6]. More efforts nowadays
focus on further refining the synthesis and controlling the growth
to attain specific desired properties, as well as discovering other
interesting physical effects in multilayer thin-films.

It is well-known that, the density of interfaces and lattice
defects is high for multi-element mixed multilayer thin-films com-
pared to bulk materials, and the diffusion distances are relatively
short, resulting in complex inter-diffusion behavior under solid-
state reaction [7–10]. The most notable feature of inter-diffusion
in thin-films is that lattice diffusion can be several orders of mag-
nitude faster than that in bulk materials [11,12]. Nowadays, inten-
sive research based on theoretical and experimental is required to
investigate the fundamental factors that influence phase formation
of multilayer thin-film under the conditions of synthesis and/or
solid-state reaction. Several efforts to explain the formation of
the phases in multilayer thin-films are based on numerical models
that have neglected some effects of microstructural properties on
the kinetics and early phase nucleation [13]. The phase formation
mechanism of multilayer thin-films is not fully elucidated yet.
The relation between the interfaces and the behavior of multilayer
thin-films under solid-state reaction needs to be systematically
investigated. Previously, research in this area is based on the tradi-
tional ‘‘trial-and-error” approach, which is time-consuming and
labor-intensive [14,15]. It becomes very imperative to develop a
method that is efficient and systematic for the study of phase for-
mation under solid-state reaction in multilayer thin-film.

Combinatorial material science aims at rapid discovery and
optimization of materials by combining efficient synthesis and
high-throughput characterization to quickly establish
composition–structure–property relationships [16–27]. This pro-
vides a powerful tool to appraise theoretical models and hypothe-
ses efficiently. In this work, the Cu–Cr–Co ternary system has been
chosen as a model system to study the phase evolution of multi-
layer thin-film during the solid-state reaction. Cu–Cr–Co combina-
torial multilayer thin-films were prepared using a high-throughput
ion beam system and characterized by high-throughput syn-
chrotron X-ray diffraction (XRD), micro-beam X-ray fluorescence
(l-XRF), and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS). The factors that affect the phase formation upon
solid-state reaction, including film modulation period, annealing
temperature, and time are systematically investigated. This work
not only lay a solid foundation for studying the phase formation
in multilayer thin-film but also provides important insight for opti-
mizing the composition and fabrication process of high-
performance multilayer thin-films.
2. Experimental details

2.1. Multilayer thin-film synthesis with a combinatorial method

Several combinatorial precursor thin-films (combinatorial chip)
covering the entire Cu–Cr–Co ternary composition space were
deposited at room temperature on quartz glass substrates using a
high-throughput ion beam sputtering system under a sputtering
power of 90W. The multilayer thin-films are sputtered periodically
in a sequence of Cr, Co, and Cu. The total sputtering time of each
element was adjusted to yield a final thickness of 100 nm (sputter-
ing time for Cr, Co and Cu is 1640 s, 1700 s, and 1220 s, respec-
tively). By using a moving shutter, continuous thickness
gradients can be created across the substrate, as illustrated in
Fig. 1a. The substrate is rotated by 120� after deposition of each
element. As a result, complete combinatorial coverage of the tern-
ary composition space is achieved with a full cycle of Cr, Co, and Cu
layers. The total thickness of the multilayer thin-film at all location
of the Cu–Cr–Co combinatorial material chip is 100 nm for all film
2

stacks, obtained with a modulation period of 100 nm, 50 nm,
20 nm, and 10 nm, and the corresponding number of repetitions,
respectively, as shown in Fig. 1b. Each as-deposited multilayer
thin-film was heat-treated isothermally for about 2 h (973 K,
1073 K) in a turbo pumped vacuum furnace with a base vacuum
of 10-6 torr. The substrate was then cooled down to room temper-
ature on the substrate heater naturally.

2.2. Characterization of Cu–Cr–Co combinatorial thin-films

Since each chip contains a large combination of samples, the
characterization needs to be done as quickly as possible to keep
up with the pace of preparation. In this work, the composition-
structure map of Cu–Cr–Co combinatorial multilayer thin-film
was rapidly characterized on 1326 points of each chip. XRD mea-
surements were performed at the high-throughput XRD facility
set up on sector 33-ID-D of the Advanced Photon Source, Argonne
National Laboratory, USA. The X-ray photon energy was tuned to
20 keV (k = 0.062 nm). The un-deposited quartz glass area was
measured with the identical geometry as a blank standard. An
M4 TORNADO l-XRF spectrometer (Bruker GmbH, Germany) was
used to determine the composition of the combinatorial chips.

An IONTOF ToF-SIMS 5 time-of-flight secondary ion mass spec-
trometer was used in dual-beam mode to analyze the element dis-
tribution of Cu–Cr–Co multilayer thin-films in-depth direction.
Under a base vacuum of 10-9 bar, a 2 keV Cs+ beam with a
100 nA current was rastering over a 300 � 300 lm2 area to sputter
away the material from the surface, while a 30 keV Bi+ beam with a
1.2 pA current was used in a 100 � 100 lm2 the area centered at
the bottom of the crater for analysis. Data acquisition and process-
ing were done using the Ion-Spec software.

2.3. XRD and XRF data analysis

The 2-dimensional (2D) diffraction images obtained from the
high-throughput XRD characterization are converted to typical
diffraction patterns of intensity–two thetas (2h) plots using custom
software derived from the ‘‘xrayutilities” library [28]. The back-
ground is reduced by first subtracting the identically measured
blank image on the silica substrate, and further processed using
the rolling ball algorithm [29]. Then the curves are smoothed using
Gaussian convolutional filtering with a 1 � 7 discrete gaussian
function-core so that the high-frequency noise originated from sta-
tistical fluctuation is removed.

The peak position (2h), height, width, and other properties are
extracted from the smoothened curves using the built-in functions
of ‘‘scipy.signal” package [30,31]. If more than one peak is known
in the vicinity, multiple Gaussian peaks are fitted using least-
squares optimization.

The approximate peak positions of the phases present can be
pre-determined based on the existing knowledge. In the case of
solid solution, the peak positions corresponding to the same phase
are likely located within a small range of angles as a function of
composition. The diffraction peaks within the vicinity of the known
peaks are converted accordingly into a Boolean feature vector for
m-th phase as follows:

Pm ¼ p 1ð Þ
m ; p 2ð Þ

m ; � � � ; p kð Þ
m

� �

where pðkÞ
m is 1 if a peak exists at the kth position and

otherwise 0.
To identify the phases automatically, Ward’s hierarchical clus-

tering method [32] was adopted to group the feature vectors and
thus the peaks are segmented into different phases. The algorithm
is implemented by the scikit-learn package [33], using Euclidean
distance as the similarity metric:



Fig. 1. The schematic diagram of Cu–Cr–Co combinatorial multilayer thin-films. a deposition procedure with a moving mask. b cross-section of the sample with different
modulation periods (100 nm, 50 nm, 20 nm, and 10 nm).
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Ded Pm; Pnð Þ ¼ kPm � Pnk2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i
p ið Þ
m � pðiÞ

n

� �2
r

The XRF characterization results provide the elemental distribu-
tion of the sample, which is also used for establishing the correla-
tion between location coordinates (x, y) and the composition (i, j)
at the location.

i j½ �T ¼ M x y½ �T

where i and j represent the atomic fraction of elements i and j
(the atomic fraction of the third element equal to the balance).
By using the

compositions (i1, j1), (i2, j2) corresponding to two vertices
(x1, y1), (x2, y2) in the triangle sample, the conversion matrix M
can be obtained through algebraic treatment.

3. Results and discussions

3.1. Chemical composition of the Cu–Cr–Co combinatorial chip

Fig. 2 displays the chemical composition spread results of the
thermally annealed Cu–Cr–Co combinatorial thin-film determined
by automated XRF measurements. As shown, Cu and Co elements
cover almost the full range, from 0 to 97%, while Cr is relatively
less, from 0 to 92% due to the ‘‘mask effect” of the sputtering
system (supporting information Fig. S3).

3.2. Effect of temperature on the phase formation

Thermal treatment temperature is the key factor controlling the
alloying process of multilayer thin-film [34,35]. The Cu–Cr–Co
combinatorial multilayer thin-films have been annealed at 973 K
and 1073 K, respectively. The resulting composition-structure
maps are given in Fig. 3. The phase maps of Cu–Cr–Co combinato-
rial chips are influenced significantly by the annealing tempera-
ture. As the temperature rises, the miscibility phase areas of fcc-
Co and fcc-Cu expand, as shown in Fig. 3. Although the tempera-
ture dependence on the phase formation of multilayer thin-film
and bulk is generally similar, the differences in the impact on the
properties of bulk and thin-film can be quite substantial because
of the much higher surface area to volume ratio and the associated
3

increase of surface energy of thin-films [36]. For example, the Cu–
Cr–Co ternary system phase diagram developed based on CAL-
PHAD method by Liu et al. [37] is illustrated in supporting infor-
mation Fig S1. The following are noticed:

1) they both consist of the same two-phases and three-phases
regions, but there is a small difference in the number and
area of the single-phase region close to the Cr–Co line.

2) the temperature dependence of the fcc-Cu and fcc-Co two-
phase regions are in the same direction.

3) the area, the composition of various phase regions obtained
at the same isothermal temperature are quite different.

Taking the single-phase region and two-phase regions which
both are sensitive to temperature changes as examples, our results
are equivalent to those of the traditional diagram when the tem-
perature is 200 K higher. It is well known that using small period
thicknesses (as 10 nm in Fig. 3.) the equilibrium intermetallic pro-
duct phase forms directly at relatively low temperature during
thermal treatment [38–42]. And the density of interfaces, as well
as the diffusion distances change with modulation period leading
to different kinetics. It is commonly expected that small period
exbibit shallow concentration gradients along with the layers
interfaces and faster kinetics, which seem to facilitate the final
phase to form directly [43]. In our opinion, the reason for the tem-
perature difference between our results and the traditional dia-
gram has to do with the explanation mentioned above.

3.3. Effect of the modulation period on the structural evolution

The modulation period is another key factor for the phase for-
mation in multilayer thin-film [10]. As shown in Fig. 4, as the mod-
ulation period decreases from 100 to 50 and 10 nm, the fcc-Cu and
fcc-Co two-phases region widen distinctively. It is illustrated that
in multilayer thin-films, the formation of fcc-Cu and fcc-Co phases
is energetically favored when the modulation period is reduced,
which is well consistent with the results by Gente et al. [44]. Mean-
while, as the single-layer thickness decreases, the phase structure
of Co is diversified close to the binary region of Co and Cr. The area
of the single-phase region of fcc-Co also decreases with increasing
modulation period, except for 100 nm. Likewise, the intermetallic



Fig. 2. Cu–Cr–Co thin-film composition spread measured by m-XRF. a ternary elemental distribution. b distribution of Cr over the quartz glass. c distribution of Co. d
distribution of Cu, and the color mapped automatic ratio gradient across the quartz substrate (right).

Fig. 3. Isothermal maps of composition-structure of Cu–Cr–Co combinatorial multilayer thin-film with modulation of 10 nm . a at 973 K. b at 1073 K (different colors
represent different phases as shown in right and CrCo represents Cr and Co compounds with different stoichiometric ratios).
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region of hcp-Co, fcc-Cu, and CrCo shrinks as the modulation per-
iod decreases. In comparison, Liu et al. [37] reported that when
the heat treatment temperature is above 1200 K, the phase of
hcp-Co vanishes from the equilibrium phase diagram. The effects
of reducing the modulation period on the phase formation in Cu–
Cr–Co multilayer thin-film are quite similar to increasing the heat
treatment temperature, but to a lesser degree even compared with
100 K temperature change.

The chemical distribution of combinatorial thin-films in-depth
direction with different modulation periods was studied by ToF-
SIMS. Fig. 5 gives the results of the Cu40Cr25Co35 multilayer thin-
films (marked as the green star in Fig. 4) after annealing. Under
heat treatment of 1073 K for 2 h, the interface between Co and
Cr layers disappeared, except for Cu in the outer period, indicating
that interdiffusion occurred quite substantially. A decrease in per-
4

iod results in a decrease of Cu concentration in the surface layer,
and better uniformity of the Cr and Co elements with almost flat
depth profile under the period of 20 nm (green star marked in
Fig S2). Despite that Cu has a much higher self-diffusion coefficient
than that of Co and Cr [45], its interdiffusion appeared the lowest
in the Cr/Co/Cu multilayer system, caused by the Co barrier layer
[46–49]. Overall the results illustrate that the smaller the modula-
tion period, the better diffusion uniformity is obtained under solid-
state reaction in Cu–Cr–Comultilayer thin-films, and a similar phe-
nomenon was observed in our previous study on multilayer thin-
film [50]. However, there is no clear correlation between the uni-
formity of element distribution and phase zone. Moreover, our pre-
vious results showed that deposition sequence also plays an
important role in phase formation and diffusion kinetics [50]. We
believe the results may differ if the coating sequence is changed.



Fig. 4. Maps of composition-structure of Cu–Cr–Co combinatorial multilayer thin-film annealed under 1073 K with different modulation periods. a 100 nm. b 50 nm. c 10 nm.
(CrCo represents Cr and Co compounds with different stoichiometric ratios).
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3.4. Effect of heating time on the structural evolution

The heat treatment time can also affect the phase formation of
multilayer thin-film [51,52]. By annealing at 1073 K, the effects of
5

heating time are illustrated in Fig. 6. Notably, the phase zone of fcc-
Cu and fcc-Co coexists is larger after 4 h heating. Meanwhile, the
partial three-phases region of the hcp-Co, fcc-Cu, and CrCo inter-
metallic transforms into a two-phase region of fcc-Cu and fcc-Co.



Fig. 5. ToF-SIMS depth profile of Cu40Cr25Co35 multilayer thin-film after heat treatment (1073 K, 2 h) with different modulation periods. a 100 nm. b 50 nm. c 20 nm.

Fig. 6. Maps of composition-structure of Cu–Cr–Co combinatorial multilayer thin-film with modulation of 50 nm under different isothermal treatment time. a 2 h. b 4 h.

Fig. 7. ToF-SIMS depth profile of Cu24Cr50Co26 multilayer thin-film with modulation of 50 nm at different isothermal treatment (1073 K) time. a 2 h b 4 h.
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Alternatively, the monophase region near the Cr–Co binary region
increases in size.

The depth profiles of Cu24Cr50Co26 thin-films (marked as the
green star in Fig. 6) indicate that the distribution of Cu, Cr, and
Co are more uniform after 4 h thermal treatment (Fig. 7). It is also
interesting to note that the kinds of structures present do not alter
when the elemental distribution in-depth direction is not perfectly
uniform, although this may still change the fraction of each phase.
6

4. Conclusions

An efficient and systematic method for analyzing the phase for-
mation in multilayer thin-films is demonstrated in this work. The
phase distribution maps of the Cu–Cr–Co system as a function of
temperature, time, and modulation period were rapidly con-
structed by combining high-throughput ion-beam deposition,
characterization, and automated data processing. The results
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showed that thermal treatment temperature and time increase had
the same impact on phase distribution evolution as the decrease in
the modulation period in the two-phase regions of fcc-Cu and fcc-
Co, one-phase region of fcc-Co, hcp-Co, and fcc-Cu, as well as three-
phase regions of hcp-Co, fcc-Cu, and CrCo. These three factors con-
tributed to an increase in the occurrence of fcc-Cu and fcc-Co, as
well as the diversification of the single-phase regions of Co and
the decline of hcp-Co. The ToF-SIMS depth profile indicates that
extending the heat treatment time and reducing the modulation
period improve the interlayer diffusion. There is, however, no cor-
relation between the elemental uniformity in the depth direction
and the phase distribution. The results demonstrate that the com-
binatorial method used in this work not only significantly acceler-
ate the phase diagrams construction, but also offer a powerful tool
for investigating the process of phase formation of multilayer thin-
film upon solid-state reaction. The present work will inspire fur-
ther research in the field of thin-film science to look into the poten-
tial of combinatorial method to synthesize and manipulate high-
performance thin-film unconventionally.
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